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Summary
This study investigates if Araucaria forest (C3 metabolism) expansion on frequently burnt grassland (C4
metabolism) in the southern Brazilian highland is linked to the chemical composition of soil organic
matter (SOM) in non-allophanic Andosols. We used the 13C/12C isotopic signature to group heavy
organo-mineral fractions according to source vegetation and 13C NMR spectroscopy, lignin analyses
(CuO oxidation) and measurement of soil colour lightness to characterize their chemical compositions.
Large proportions of aromatic carbon (C) combined with small contents of lignin-derived phenols in
the heavy fractions of grassland soils and grass-derived lower horizons of Araucaria forest soils indicate
the presence of charred grass residues in SOM. The contribution of this material may have led to the
unusual increase in C/N ratios with depth in burnt grassland soils and to the differentiation of C3- and
C4-derived SOM, because heavy fractions from unburnt Araucaria forest and shrubland soils have
smaller proportions of aromatic C, smaller C/N ratios and are paler compared with those with C4 sig-
natures. We found that lignins are not applicable as biomarkers for plant origin in these soils with
small contents of strongly degraded and modiﬁed lignins as the plant-speciﬁc lignin patterns are absent
in heavy fractions. In contrast, the characteristic contents of alkyl C and O/N-alkyl C of C3 trees or
shrubs and C4 grasses are reﬂected in the heavy fractions. They show consistent changes of the (alkyl
C)/(O/N-alkyl C) ratio and the 13C/12C isotopic signature with soil depth, indicating their association
with C4 and C3 vegetation origin. This study demonstrates that soils may preserve organic matter com-
ponents from earlier vegetation and land-use, indicating that the knowledge of past vegetation covers is
necessary to interpret SOM composition.
Introduction
The vegetationof the southernBrazilian highlands inRioGrande
do Sul State is a mosaic of grassland (C4 metabolism) and
Araucaria forest (C3 metabolism). In the forest reserve Centro
de Pesquisas e Conservacxa˜o da Natureza (CPCN) Pro´-Mata,
diverse types of successions by shrubs (mainly Baccharis sp.)
and pioneer trees on grassland can be observed. A previous
study detected the expansion of Araucaria forest on grassland,
which started after 1500–1300 years before present (BP), by
using d13C values and radiocarbon ages of soil organic matter
(SOM) (Du¨mig et al., 2008b). The soils with the youngest maxi-
mum age of forest-derived SOM throughout their proﬁles were
found at the present forest border (610 years BP) and in forest
patches within grassland (375 years BP). The results clearly
indicated that current grasslands are present at least since the
early and mid-Holocene period (6000–8000 years BP) and are
not the result of recent deforestation (Du¨mig et al., 2008b).
Human activity probably caused a greater ﬁre frequency on the
highlands during the last 850 years, and there is still a need for
further research on the role of paleoﬁres (Behling et al., 2001).
In recent times the expansion of Araucaria forest has been
impeded by grazing and burning of grasslands since the arrival
of European settlers 200–300 years ago (Rambo, 2000).
The soils are non-allophanic Andosols and Umbrisols in the
southern Brazilian highlands. Soil Munsell colours showed that
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grasslands have black, and Araucaria forests dark brown, top-
soils. In patches of Araucaria forest and forest sites bordering
to grassland, the pedons darken with increasing depth to an
extent comparable with the grassland soils (Du¨mig et al.,
2008a). These are ﬁrst indications that the change from grass-
land with long-term ﬁre history to unburnt Araucaria forest
alters the composition of SOM.
In the present study, our objective was to investigate if vege-
tation shifts from C4 grassland to C3 forest or shrubland are
associated with the change of the chemical composition of
SOM. Bulk soils were separated into light and heavy organo-
mineral fractions because heavy fractions contain older SOM
with potentially different vegetation origin compared with
light fractions that reﬂect the present plant input (Du¨mig et al.,
2008b). We grouped heavy organo-mineral fractions according
to the 13C/12C isotopic signature to trace C4- and C3-derived
biomass from vegetation sources to SOM. 13C NMR spectros-
copy and lignin analyses (CuO oxidation) were applied to
characterize the chemical composition of plants, organic sur-
face layers, light fractions and heavy organo-mineral fractions.
Additionally, 13C NMR spectroscopy results were related to
spectroscopic measurements of the soil colour lightness.
Material and methods
Study area and soil characteristics
The study area belongs to the northern highlands (Planalto) of
the southern Brazilian state of RioGrande do Sul (29° 28’–29’ S,
50° 10’–13’ W). The soils are located at 900–950 m above sea
level in the forest reserve CPCNPro´-Mata (Centro de Pesquisas
e Conservacxa˜o da Natureza). It is some 35 km east of the city of
Sa˜o Francisco de Paula and 110 km from the capital Porto Ale-
gre. A mosaic of grasslands (campos) and Araucaria forests is
established in the highlands. The grasslands are used for pas-
ture and are burnt once per year. The Araucaria forest is com-
posed of deciduous trees and the conifer Araucaria angustifolia.
In the forest reserve Pro´-Mata, all forms of land use, for exam-
ple tree cutting or grazing and burning of grassland, termi-
nated in 1992. This led to diverse types of successions by
shrubs (mainly Baccharis sp.) and pioneer trees on grassland.
In comparison with grassland covered with Baccharis sp. the
shrubland is, additionally, composed of pioneer trees by natu-
ral regeneration inclusive of Araucaria angustifolia and the
inﬂuence of grasses is less dominant.
For this study we analysed the Oa and Ah horizons from eight
soils (Table 1), which are distributed in an area of approximately
700 hectares, to a depth of 63 cm. Detailed descriptions of ﬁeld
work, sampling, site and soil characteristics are given in Du¨mig
et al. (2008a). Seven soils were non-allophanic Andosols covered
with Araucaria forest (F-I, F-II, F-III, FP, FB), shrubland (S)
and grassland with shrubs (GS). One soil under grassland with-
out shrubs (G) is classiﬁed as Umbrisol and also has andic
properties for a certain depth range. The soil FP was located in
a patch of Araucaria forest that is surrounded by grassland and
FB lies at the forest border, whereas the other Araucaria forest
soils (F-I, F-II, F-III) were located deeper into the forest. All
soils are strongly acidic (pHH2O 4–5 and pHKCl 3.5–4.5) with
large clay contents (500–700 g kg1), which are composed of
quartz, kaolinite, secondary chlorite and gibbsite. Munsell soil
charts indicate that grassland soils are black and the forest top-
soils dark brown and that pedons in patches of Araucaria forest
get darker with increasing depth and become black like the
grassland topsoils (Du¨mig et al., 2008a).
Density fractionation
The bulk soil material was fractionated by density in order to
separate the heavy organo-mineral fraction from the litter- and/
or root-derived free light fraction (LF). An aliquot of 10 g from
the bulk soil (< 2 mm) was saturated with a Na polytungstate
solution (1.6 g cm3), gently shaken, allowed to settle for
2 hours and then centrifuged to separate the LF from the frac-
tion with a density > 1.6 g cm3. The LF fraction was washed
with deionized water on a 20 mm-mesh sieve. The heavy frac-
tion was centrifuged several times with deionized water until
the electrical conductivity had decreased to < 2 mS cm1. All
fractions were freeze-dried.
OC, N and melanic index
Total carbon (Ctot) and nitrogen (Ntot) were determined by dry
combustion (Elementar Vario EL, Elementar Analysensysteme
GmbH, Hanau, Germany) and normalized to dry weight. As all
soils were carbonate-free, the measured C was completely
organic. The melanic index was determined according to Van
Reeuwijk (2002), who modiﬁed the method of Honna et al.
(1988). The samples were shaken with a 0.5 M NaOH solution
and the absorbances of the extracts were measured photometri-
cally (Photometer Spectronic 601) at 450 and 520 nm wave-
lengths. The ratio (450 nm/520 nm) is the melanic index (MI).
Solid-state CPMAS 13C NMR spectroscopy
Selected plant, organic surface layer, free light and organo-min-
eral fraction (without priorHF-treatment) sampleswere analysed
by solid-state 13C CPMAS NMR spectroscopy (Bruker DSX
200 NMR spectrometer, Bruker, Karlsruhe, Germany). The
cross-polarization magic angle spinning (CPMAS) technique
(Schaefer & Stejskal, 1976) with a spinning speed of 6.8 kHz
and a contact time of 1 ms was applied. A ramped 1H-pulse
starting at 100% power and decreasing to 50% was used during
the contact time to avoid Hartmann-Hahn mismatches (Peersen
et al., 1993). The pulse delays were 300 ms (organo-mineral
fractions), 800 ms (organic surface layers, free light fractions)
and 2000 ms (plants). Dependent on the signal-to-noise ratio
a line broadening between 50 and 100 Hz was used prior to
Fourier transformation. The chemical shifts of 13C were
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referred to external tetramethylsilane (¼ 0 p.p.m.). For quanti-
ﬁcation, the spectrum was divided into four major chemical
shift regions according to Knicker & Lu¨demann (1995) (0–
45 p.p.m. ¼ alkyl-C, 45 to 110 p.p.m. ¼ O-alkyl-C, 110 to
160 ¼ aromatic C, and 160 to 220 p.p.m. ¼ carboxyl-C), which
were integrated. The occurrence of spinning side bands because
of insufﬁcient averaging of the chemical shift anisotropy at the
spinning speed used was considered by adding their intensities
to that of the parent signal (Knicker et al., 2005). The content of
aromatic C (g kg1) in the heavy organo-mineral fractions was
calculated as follows: (proportion of aromatic C (%) x organic
C content (g kg1))/100 (%).
CuO oxidation
Lignin analysis by cupric oxide (CuO) oxidation (Hedges &
Ertel, 1982) was carried out for selected plant, organic surface
layer and organo-mineral fraction samples according to the
modiﬁedmethodofKo¨gel&Bochter (1985). Brieﬂy, the samples
(50 mg for plants andorganic surface layers, 500 mg for organo-
mineral fractions) were oxidized with 250 mg CuO and 2M
NaOH at 172°C under N2 for 2 hours. Afterwards, a standard
containing ethylvanillin was added to assess the recovery of
lignin products, which was usually in the range of 60–70%.
The solution was adjusted to pH 1.8–2.2 and left overnight
for humic acid precipitation. Thereafter, the lignin-derived
phenols were puriﬁed by eluting through a C18 column and
derivatized by adding BSTFA (N, O-bis (trimethylsilyl) tri-
ﬂuoro-acetamide). The silylated lignin monomers were sepa-
rated on a HP 6890 gas chromatograph equipped with a SGE
BPX-5 column (50 m length, 0.25 mm inner diameter, 0.32 mm
coating) and detected by a ﬂame ionization detector (GC/
FID). The GC oven temperature was kept at 100°C for
2 minutes, then heated to 172°C at 8°C per minute, to 184°C
at 4°C per minute and to 300°C at a rate of 10°C per minute.
The samples were injected in split mode (1:10). Phenol concen-
trations were calculated with the internal standard phenyl-
acetic acid. The results are given as mean values obtained from
at least two replications. CuO oxidation products are com-
posed of vanillyl (V)-units (vanillin, acetovanillone, vanillic
acids), syringyl (S)-units (syringaldehyde, acetosyringone,
syringic acid) and cinnamyl (C)-units (ferulic and p-coumaric
acids). The sum of V-, S- and C-type phenols (VSC), and
expressed as mg VSC g1 SOC or mg VSC g1 plant OC, was
used to estimate the amount of lignin.
Soil colour lightness (L value)
Values for the soil colour lightness for dried and ground heavy
fractions were determined according to the CIE 1976 (L a b)
colour space system (CIE, 1978) and measured with a Chroma-
meter (Minolta, CR-300, KonicaMinolta Sensing Inc., Bremen,
Germany). This method is described in detail by Torrent & Bar-
ron (1993) and allowed us to grade the soil colour lightness from
L ¼ 0 for absolute black to L ¼ 100 for absolute white. After
each sample, the system was calibrated using a standard white
plate and results are given as arithmeticmeans of four replicates.
Grouping of heavy organo-mineral fractions according to
13C/12C isotopic signature and statistics
The heavy organo-mineral fractions from eight soils were
grouped according to the 13C/12C isotopic signature as shown
by Figure 1. The grassland soils G and GS (below the surface
horizon) had consistent d 13C values typical for C4 grasses.
The soils at the forest border (FB) and in a patch of Araucaria
forest (FP) had strongly increasing d 13C values with soil depth
and matched grassland d 13C values below 25 cm. The samples
with large d 13C values from G, GS, FB and FP represent the
group with C4 signatures (d 13C value > 18&, n ¼ 13). All
other Araucaria forest (F-I, F-II, F-III) and shrubland (S) soils
clearly differed from grassland soils by smaller d 13C values.
They were the group with C3 signatures and inclusive of
the surface horizons of FB and FP (d 13C value < 22&,
n ¼ 13). Three heavy fractions from three different soils (GS,
FB and FP) had intermediate d 13C values reﬂecting similar
proportions of C4 and C3 derived organic matter. There-
fore, we described them as C4-C3 transition (d 13C value of
18 to 22&, n ¼ 3).
For comparison of mean values between groups of heavy
organo-mineral fractions with C4 and C3 signature the con-
ditions of normality were tested by the Shapiro-Wilk test. If
values were not normally distributed (soil colour lightness,
MI) the nonparametric Mann–Whitney U-test was applied to
identify signiﬁcant differences. The Student’s t-test was used
for normally distributed values (aromatic C in %, C/N ratio,
ratio of (alkyl C)/(O/N-alkyl C), d 13C value). Signiﬁcant dif-
ferences were identiﬁed at a conﬁdence level of P < 0.05. To
determine the signiﬁcance of the contrast between the regres-
sion models of L-value and aromatic C (g kg1) for heavy
Figure 1 d 13C values of heavy organo-mineral fractions from soils in
grassland without (G) and with shrubs (GS), in a patch of Araucaria
forest (FP), at the Araucaria forest border (FB), in shrubland (S) and
deep inside the Araucaria forest (F–I, F–II, F–III).
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fractions with C4 and C3 signatures we used the test for homo-
geneity of slopes (Rencher & Schaalje, 2008). All statistical
analyses were conducted with SPSS Version 15.0 (Statistical
Package for the Social Sciences, 2006).
Results and discussion
Composition of vegetation sources and changes from plant
to mineral surface horizons
Solid-state CPMAS 13C-NMR spectra of all grass samples
showed comparable intensity distributions as reported for
other C4 grasses (Krull et al., 2003; Dieckow et al., 2005). They
are characterized by large contributions of O-alkyl C (50–
80%) attributed to carbohydrate carbons in cellulose and
hemicellulose (Figure 2). Their C2, C3 and C5 carbons cause
resonances at 72–74 p.p.m., whereas the sharp signal at
105 p.p.m. is characteristic of their anomeric C1 (Wilson et al.,
1983). The small shoulders at approximately 56 and 64 p.p.m.
indicate methoxyl C in lignin and hexose-C6 or pentose-C5,
respectively (Wilson et al., 1983) but can also be assigned to N-
alkyl C as they occur in peptide structures (Knicker, 2000).
Differences in the organic matter composition between plant
species are detectable by the relative contributions of alkyl
C (Table 2). The C4 grass Andropogon lateralis and both grass-
mix samples had markedly smaller alkyl C contents (8–12%)
than the leaves from the C3 shrub Baccharis uncinella (30%),
those of the C3 deciduous tree Myrcia retorta (16%) and
the needles from the C3 conifer Araucaria angustifolia (23%).
In the alkyl C range, the signals between 29 and 32 p.p.m.
are typical for methylene C as they occur in fatty acids,
suberin and cutin (Ko¨gel-Knabner, 1997), but also for the
amino acids. The signal at 21 p.p.m. is attributed to terminal
acetyl C.
In the aromatic C region the leaves from Myrcia retorta had
resolved signals at 144 and 154 p.p.m., which is often found
for lignin from angiosperms (Gil & Pascoal Neto, 1999). These
signals are also present in the spectra of the needles of the
conifer Araucaria angustifolia. They can be attributed to C3
and C4 of the guaiacyl unit (144 p.p.m.) and to C3 and C5
carbon of the syringyl unit at 154 p.p.m. (Lu¨demann & Nimz,
1973). On the other hand, these split peaks are also character-
istic of tannins and tannin-like structures (Lorenz et al., 2000);
the signal near 145 p.p.m. particularly indicates the contribu-
tion of tannins (Preston et al., 1997). Other compounds that
cause peaks in the aromatic C region (115, 126, 130–136) can
be predominantly classiﬁed as lignin-derived phenols and reso-
nances at 172 p.p.m. are attributed to carboxyl, amide and
ester groups (Ko¨gel-Knabner, 1997).
The proportions of the chemical shift regions of 13C NMR
spectroscopy for organic surface layers in Araucaria forest
(Table 1) are in the range of those from tropical forests (Zech
et al., 1997) or temperate deciduous and coniferous forests.
The main difference is that the needles from Araucaria angusti-
folia had relatively large proportions of alkyl C (23%) com-
pared with tree foliages and L-horizons (14–24%) (Zech et al.,
1992; Baldock et al., 1997; Rumpel et al., 2002; Helfrich et al.,
2006). The spectra of the organic surface layers (Figure 2)
show patterns that are comparable with those of the plant
samples. In Araucaria forest (F-I, F-II, F-III) and shrubland
(S) the spectra of the organic surface layers had similar inten-
sity distributions (Table 1). They differed from the spectra of
Figure 2 13C CPMAS NMR spectra from
plant species and organic surface layers.
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the organic surface layer of the grassland soil with shrubs (GS)
by 7–11% larger alkyl C and 6–11% smaller O/N-alkyl C pro-
portions. Consequently, the (alkyl C)/(O/N-alkyl C) ratios
were clearly larger for organic surface layers in Araucaria for-
est and shrubland than those from the grassland soil with
shrubs. These (alkyl C)/(O/N-alkyl C) ratios are in the range
recorded for the plant species as the three grass samples had
smaller ratios than the foliage of Baccharis uncinella, Myrcia
retorta and Araucaria angustifolia (Table 2). The resolved sig-
nals at 144 and 154 p.p.m. were still recognizable in the
organic surface layers, but vanished in the spectra of the free
light fraction (LF) of the Araucaria forest soils (spectra not
shown). In a similar way to organic surface layers and plant
samples, the (alkyl C)/(O/N-alkyl C) ratio was smaller for LF
from grassland soils (0.21–0.23) than those from Araucaria
forest soils (0.42–0.54).
The yield of lignin-derived CuO oxidation products (mg VSC
g1 OC) and the proportions of vanillyl (V), syringyl (S) and
cinnamyl (C) units differed between plant species (Table 2).
Both grass samples had the largest contents of lignin-derived
phenols that were dominated by C units as shown by the mean
proportions of V, S and C units of 22, 28 and 50%. In con-
trast, lignin from the conifer Araucaria angustifolia produced
mainly V-type oxidation products (needle, 64%; root, 87%;
wood, 96%) and lignin from Myrcia retorta (leaves) is domi-
nated by syringyl units (69%). Baccharis uncinella (leaves) had
a more regular distributed lignin signature with proportions of
V, S and C units of 24, 41 and 35%. The organic surface layers
in Araucaria forest had a large range of total lignin contents
(12–33 mg VSC g1 OC), whereas those in shrubland and
grassland with shrubs had lignin contents of 21 and 23 mg
VSC g1 OC, respectively.
When progressing from organic surface layers to heavy
organo-mineral fractions of the surface horizons, the increase
of (alkyl C)/(O/N-alkyl C) ratios and decrease of VSC contents
as well as C/N ratios reﬂect the increasing extent of decomposi-
tion (Zech et al., 1992; Ko¨gel-Knabner, 1993; Baldock et al.,
1997; Nierop et al., 2001). In addition, the (ac/al)V and (ac/al)S
ratios increased, indicating strong lignin alteration during bio-
degradation (Ko¨gel-Knabner, 1997). In spectra from heavy
organo-mineral fractions the major signals were near to 30, 72,
102, 128 and 172 p.p.m. (Figure 3) as described for plant and
organic surface layer samples. Compared with grass samples
and the organic surface layer from the grassland soil with
shrubs (GS) the signals at 56, 115 and near 145 p.p.m. disap-
pear in the spectra of the surface horizons of both grassland
soils, indicating degradation of lignin. In contrast, signals
characteristic of lignin and/or tannin structures (56, 135–
150 p.p.m.) are still maintained in the spectra of the surface
horizons of Araucaria forest (F-I, F-II, F-III, FP, FB) and
shrubland (S) soils. The d13C values moved in the opposite
directions in the decay continuum from plant to the upper
mineral soil as organic matter with C3 signature had
13C
enrichment and that with C4 signature had
13C depletion
(Table 1). These different isotopic shifts between C3 forest and
C4 grassland are well-known and caused by inherent soil pro-
cesses without vegetation change (Wynn et al., 2006).
Soil organic matter signatures in grassland with long-term
fire history
In the surface horizons of the C4 grassland soils (G, GS), the C
distribution among spectral regions of 13C NMR spectroscopy
in the heavy organo-mineral fraction was similar compared
with those from Ferralsols (Dalmolin et al., 2006) and Acrisols
(Dieckow et al., 2005) with native subtropical grassland in
southern Brazil. However, they differed with soil depth, with
a strong increase of aromatic C, which is associated with
decreasing O-alkyl and alkyl C contents; carboxyl C had irreg-
ular trends (Table 1). There were, with depth in a soil proﬁle,
Table 2 Proportions of functional groups according to 13C NMR spectra, contents of lignin-derived phenols (CuO oxidation) and d 13C values of
plant samples
Plants
Chemical shift
regions /p.p.m.a
alkyl C /
CuO oxidation
productsb /mg VSC g–1 OC
d13C
alkyl C O/N–alkyl C aromatic C carboxyl C O/N–alkyl C V S C V þ S þ C C/V S/V (ac/al)v (ac/al)s /&
Araucaria angustifolia – needle 23.1 59.0 15.2 2.8 0.39 15.7 5.4 3.3 24.3 0.21 0.34 0.16 3.44 –26.5
Araucaria angustifolia – wood nd nd nd nd nd 45.0 1.1 1.0 47.1 0.02 0.02 0.12 0.00 –24.6
Araucaria angustifolia – root nd nd nd nd nd 11.8 1.0 0.7 13.6 0.06 0.09 0.24 0.00 –23.7
Grass–mix 11.8 79.8 8.8 1.3 0.15 14.6 17.0 37.4 69.0 2.74 1.19 0.22 0.29 –13.8
Grass–mix 8.4 76.4 12.2 3.0 0.11 nd nd nd nd nd nd nd nd –12.5
Andropogon lateralis (grass) 8.6 75.6 12.5 4.0 0.11 15.1 20.3 30.8 66.2 2.04 1.34 0.14 0.38 –12.3
Myrcia retorta – leave (tree) 16.3 62.2 16.2 5.5 0.26 6.4 25.1 5.0 36.5 0.78 3.92 0.28 0.14 –32.3
Baccharis uncinella – leave (shrub) 29.8 49.9 13.7 6.8 0.60 4.1 6.8 5.9 16.8 1.45 1.69 0.44 0.17 –28.9
aalkyl C (0–45), O/N–alkyl C (45–110), aromatic C (110–160), carboxyl C (160–220).
bV ¼ vanillyl units; S ¼ syringyl units; C ¼ cinnamyl units; (ac/al)v ¼ acid to aldehyde ratio of vanillyl units; (ac/al)s ¼ acid to aldehyde ratio of
syringyl units.
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variable trends in the amount of aromatic C (Zech et al., 1992;
Baldock et al., 1997; Ko¨gel-Knabner, 1997; Zech et al., 1997;
Helfrich et al., 2006). The large proportions of aromatic C
(29–34%) with peaks near 130 p.p.m. in both grassland soils
and in C4-derived lower Ah horizons of the Araucaria forest
(C3) soils F-I and FP are associated with low contents of lig-
nin-derived phenols. This indicates the contribution of charred
grass residues to SOM resulting from a long history of ﬁre
(Skjemstad et al., 1996; Golchin et al., 1997b; Schmidt et al.,
1999; Knicker et al., 2005; Rumpel et al., 2006). In grassland
soils, several factors may contribute to the larger proportion
of charred material of lower horizons compared with those
that are close to the surface. There has been no input of char-
red organic material into the grassland soils for 15 years
because burning ceased in the Pro´-Mata reserve. The pre-
dominant presence of charred material in subsoils as a result
of bioturbation was detected in several studies (Glaser et al.,
2000; Dieckow et al., 2005). The charred material may also
have been lost through the complete oxidation by subsequent
ﬁres (Ohlson & Tryterud, 2000; Czimczik et al., 2005; Knicker
et al., 2006).
In mineral soils, C/N ratios typically decrease with soil depth
because of the increasing extent of decomposition, which has
been documented for particle size and density fractions
(Guggenberger et al., 1994; Helfrich et al., 2006). However, the
present soils have increasing C/N ratios with soil depth. The
heavy fractions with a predominantly C4 signature derived
from grassland with frequent burning generally had larger
proportions of aromatic C and greater C/N ratios than those
with C3 signature that formed under tree or shrub cover (Fig-
ure 4). In addition, organic matter with C4 and C3 signature
had different shifts of C/N ratios and proportions of aromatic
C during the pathway from vegetation source to heavy frac-
tion. There was a small decrease in C/N ratios and a strong
increase in the proportions of aromatic C from C4 grasses to
heavy fractions with C4 signature. This is in contrast to the C3
counterpart as C/N ratios strongly decreased and proportions
of aromatic C slightly increased from trees and shrubs to
heavy fractions. The heavy fractions indicating C4-C3 transi-
tion and three others with C4 signature had values that are in
the range of those with C3 signature because they belong to
Figure 3 13C CPMAS NMR spectra of heavy organo-mineral fractions from soils in grassland without shrubs (G), in a patch of Araucaria forest
(FP) and Araucaria forest (F–I).
Figure 4 Proportions of aromatic C (%) and C/N ratios for plants
(white) and heavy organo-mineral fractions (black). Circles denote
the groupings of organic matter according to the 13C/12C isotopic sig-
nature. Arrows indicate the shift from vegetation source to heavy
fractions.
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horizons close to the soil surface. Both grassland soils and the
soil in a patch of Araucaria forest (FP) had C/N ratios of up to
37–43 (Table 1) in deeper Ah horizons that were similar to
those of grass samples (Figure 4). This result is consistent with
the observation that charcoal C preserves the C/N ratio of the
organic material from which it originates (Knicker et al., 1996;
Almendros et al., 2003). Therefore, we conclude that the
unusual increase in C/N ratios with soil depth results mainly
from the contribution of increasing amounts of charred grass
material. Charred materials derived from C4 grasses are
13C
depleted relative to the fresh plant material (Krull et al., 2003).
Thus, the increasing proportions of aromatic C with soil depth
may contribute to 13C depletion of permanent grassland soils
(0.8–0.9&), which was detected by Du¨mig et al. (2008b).
Figure 5 shows that the soil colour lightness values decreased
(that is they became darker) with increasing aromatic C concen-
tration (g kg1). A similar result was found by Spielvogel et al.
(2004). Several studies have observed that soils darken with
increasing content of charred organic C or aromatic C con-
tents (Schmidt et al., 1999; Schmid et al., 2001; Knicker et al.,
2006). Our results further indicate that grass-derived heavy
fractions were darker than those with C3 signature formed
under Araucaria forest or shrubs with comparable aromatic C
concentration (Figure 5). There is no signiﬁcant contrast
between the slopes of the two linear regressions obtained for
heavy fractions with C4 and C3 signature as revealed by the
test of homogeneity of slopes (Table 3). However, we did not
ﬁnd either evidence for a signiﬁcant inﬂuence of soil texture,
content of oxalate- and dithionite- soluble Fe and Al on soil
colour lightness, or that those factors caused the difference
between C4- and C3-derived heavy fractions (data from Du¨mig
et al., 2008a). Caner et al. (2003) showed that the darkest and
most condensed humic acids were formed under grassland,
whereas forest vegetation produced less dark organic matter
and fewer condensed humic acids. These dark humic acids
belong to the A-type category of Kumada (1987) and are con-
sidered to indicate charred organic matter (Shindo et al., 1986;
Skjemstad et al., 1996; Golchin et al., 1997a). The melanic
index (MI) can be used to differentiate between melanic (dom-
ination of A-type humic acids with MI < 1.7) and fulvic
(lower degree of humiﬁcation with MI  1.7) (Honna et al.,
1988). Soil organic matter with C4 signature has signiﬁcantly
smaller MI values compared with those with C3 signature
(Table 4). As MI decreased, the heavy fractions became
darker (Table 1). Kramer et al. (2004) used NaOH extraction
on volcanic ash soils and found highly carboxylated humic-
acid fractions with hydrogen-deﬁcient condensed aromatic
structures, which are characteristic for black carbon-like
materials. Because MI is determined by photometric measure-
ments after extraction with NaOH we assume that grass-
derived heavy fractions may be darker than those with C3
signature because of the presence of carboxylated humic acid
fractions with condensed aromatic structures derived during
charring processes. The carboxylation is essential for charred
humic substances to be base-extractable, which is probably
a long-lasting process under natural conditions (Knicker,
2007), suggesting that their presence is not the result of recent
burning.
Forest encroachment into grassland: effects on soil organic
matter composition
Our results indicate that for plants, light fractions and organic
surface layers (Figure 6) organic matter derived from shrubs or
trees (C3) is composed of larger alkyl-C and smaller O/N-alkyl
C proportions compared with grass-derived organic matter
(C4), which is in agreement with the results of other studies
(Golchin et al., 1997b; Helfrich et al., 2006). Consequently, the
mean (alkyl C)/(O/N-alkyl C) ratio is larger for organic matter
derived from C3 than C4 vegetation sources (Table 4). The dif-
ference in alkyl-C and O/N-alkyl C proportions between C4-
and C3-derived plant materials was also found in the heavy
organo-mineral fractions. The grassland soil without shrubs
(G) was characterized by small (alkyl C)/(O/N-alkyl C) ratios
of 0.47–0.53 and large d13C values of 15.1 to 14.3&
throughout. Surface horizons of Araucaria forest, shrubland
and grassland with shrubs had smaller d13C values, and also
5–14% more alkyl-C and comparably smaller proportions of
O/N-alkyl-C than G (Table 1). The large alkyl C content of
surface horizons from grassland covered with shrubs (GS, S)
results from the organic matter input by shrubs (Baccharis
uncinella, leaves) that are rich in alkyl C (Table 2).
As Araucaria forest expansion and shrub encroachment on
grassland occurred at different times at the studied sites
(Du¨mig et al., 2008b) soils with current forest or shrub cover
(C3) had grassland (C4) derived SOM at various depths as
indicated by their 13C/12C isotopic signature (Figure 1). In
soils with young shrub encroachment (GS) and forest estab-
lishment at the forest border (FB) and in a patch of Araucaria
forest (FP) (Du¨mig et al., 2008b), the heavy organo-mineral
fractions had increasing d13C values and decreasing (alkyl C)/
(O/N-alkyl C) ratios with increasing soil depth. These soils
Figure 5 Concentrations of aromatic C (g kg1) and soil colour
lightness values (L value; 0 ¼ black, 100 ¼ white) for heavy organo-
mineral fractions. Circles denote the groupings of heavy fractions
according to the 13C/12C isotopic signature.
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already have (alkyl C)/(O/N-alkyl C) ratios below the surface
horizon similar to those for G reﬂecting the replacement of C4-
derived SOC rich in O/N-alkyl C by C3-derived SOC rich in
alkyl C from the top downwards after succession of woody
plants on grassland. In contrast, the Araucaria forest soils that
are located deeper into the forest (F-I, F-II) and the shrubland
soil S did not show these changes throughout the Ah horizons
with (alkyl C)/(O/N-alkyl C) ratios of 0.7–0.8, indicating long-
term existence of shrubs or trees. Organic matter with both
C3 and C4 signatures had similar increases in (alkyl C)/(O/N-
alkyl C) ratios to those of the respective heavy fractions
(Table 4). Therefore, we conclude that the characteristic dif-
ference in the alkyl C and O/N-alkyl C contents between C4
grasses and C3 trees or shrubs is largely maintained during the
processes of biodegradation and stabilization in the heavy
organo-mineral fractions. Their ratio of (alkyl C)/(O/N-alkyl
C) points to previous vegetation as the source for SOM that is
consistent with the 13C/12C isotopic signature (Figure 6). Fur-
ther, the mean values of the (alkyl C)/(O/N-alkyl C) ratio, the
C/N ratio, aromatic C (%), melanic index, soil colour light-
ness value and d 13C value are signiﬁcantly different between
C4- and C3-derived groups of heavy fractions (Table 4). The
mean values of all the measured characteristics of the C4-C3
transition group were between those with C4 and C3 sig-
natures. This applies in particular for the d13C value because
means of the C/N ratio and the proportion of aromatic C were
close to the group with C3 signature and mean values of the
melanic index, soil colour lightness and ratio of (alkyl C)/(O/
N-alkyl C) are closer to those for the group with C4 signature.
Our results show that the preservation of components from
earlier vegetation strongly inﬂuences the composition of SOM,
hence the knowledge of past vegetation changes is essential for
interpreting SOM composition and humiﬁcation.
Grasses and theorganic surface layer of the grassland soilwith
shrubs (GS) had larger proportions of cinnamyl phenols than
tree (foliage andwoodymaterial) and organic surface layer sam-
ples from the Araucaria forest (Tables 1, 2). Similar results
were found in other studies by Hedges & Mann (1979) and
Otto & Simpson (2006), who also observed large proportions
of vanillyl monomers for conifers and of syringyl units for
deciduous trees. The Araucaria forest is composed of Araucaria
angustifolia and deciduous trees with S/V ratios of 0.0–0.3
(needle, wood, root) and 3.9 (Myrcia retorta, leaf ), respec-
tively. Therefore, the organic surface layers in Araucaria forest
had intermediate S/V ratios compared with the foliage of trees
(Table 1). They covered the range of those from grasses and
the organic surface layer from GS. The characteristic lignin
patterns of plants were not shown by the heavy fractions as
reﬂected by similar S/V and C/V ratios independent from C3
or C4 origin (Figure 7). Lignins of ﬁner organo-mineral frac-
tions are strongly degraded, whereas fresh (root) litter deposits
of sand-associated SOM resembles the lignin signature
from organic surface layers (Ko¨gel-Knabner & Ziegler, 1993;
Guggenberger et al., 1994). Additionally, the plant-speciﬁc lig-
nin signatures may disappear during decomposition as V units
are more resistant than S units (Kirk et al., 1975; Ko¨gel, 1986).
The assumption that lignins of the heavy organo-mineral frac-
tions are strongly modiﬁed by decomposition is in line with the
Table 3 Equations and test for homogeneity of slopes for the regression models of soil colour lightness (L value) and concentration of aromatic C
(g kg1) for heavy organo–mineral fractions with C4 and C3 signature
Model R2
Signiﬁcance
of overall ﬁt
P–value
for slope
95 % conﬁdence
interval of slope
Standard
errors on
coefﬁcients
Signiﬁcance
of contrast
between modelsLower bound Upper bound
L valueC3 ¼ –0.29aromatic C þ 53.1 0.75 P  0.001 P  0.001 49.9 56.3 0.05 P ¼ 0.875
L valueC4 ¼ –0.35aromatic C þ 47.7 0.79 P  0.001 P  0.001 44.4 51.0 0.05
Table 4 Mean values (coefﬁcient of variation) of proportions of aromatic C (%), C/N ratios, melanic indices, soil colour lightness values, (alkyl C) / (O/
N-alkyl C) ratios and d13C values for vegetation sources and heavy organo-mineral fractions
Source vegetationb Heavy organo-mineral fractions
Soil characteristicsa C4 C3 C4 C4–C3 C3
Aromatic C /% 11.2 (18) 15.0 (8) 27.1 (19) 19.2 (15) 21 (25)
C/N ratio 45 (8) 41 (6) 33 (24) 23 (17) 19 (17)
Soil colour lightness values — — 38 (7) 37 (5) 45 (10)
Melanic index — — 1.66 (3) 1.73 (1) 2.08 (11)
(alkyl C)/(O/N alkyl C) ratio 0.2 (35) 0.4 (28) 0.5 (13) 0.6 (14) 0.8 (15)
d13C value /& 13.1 (6) 27.8 (8) 15.5 (6) 19.6 (6) 24.8 (5)
aSigniﬁcant differences amongst mean values of C4- and C3-derived heavy fractions at 0.05 probability level, coefﬁcient of variation in brackets.
bC4, grasses, light fractions; C3, trees, shrubs, light fractions, organic surface layers.
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VSC contents, which are markedly smaller than those from
many other grassland or forest soils (Guggenberger et al.,
1994; Amelung et al., 1999; Rumpel et al., 2002; Ganjegunte
et al., 2005).
Conclusions
The use of 13C NMR spectroscopy, lignin analyses and mea-
surement of soil colour lightness and groupings of heavy
organo-mineral fractions according to their 13C/12C isotopic sig-
nature revealed changes in the chemical composition of soil
organic matter (SOM) after encroachment of woody plants into
frequently burnt grasslands. The heavy soil fractions with a C4
signature from grassland soils and grass-derived lower Ah hori-
zons of the present Araucaria forest (C3) soils had charred grass
residues present as shown by large proportions of aromatic C,
but small contents of lignin-derived phenols. The increasing
amounts of charred grass material with soil depth resulted in
the uncommon increase of C/N ratios that were similar to those
of grass samples in deeper Ah horizons. Melanic indices and soil
colour lightness values were signiﬁcantly smaller for C4- than
C3-derived heavy factions, indicating that charring processes
may have formed a fraction of carboxylated humic acids with
condensed aromatic structures in SOM with C4-signature. We
conclude that burning grasslands has led to the differentiation
of C3- and C4-derived SOM because heavy fractions from
unburnt Araucaria forest and shrubland soils had smaller pro-
portions of aromatic C, smaller C/N ratios and were not as
dark as those with a C4 signature. The plant-speciﬁc dis-
tributions of vanillyl, syringyl and cinnamyl units of lignin-
derived phenols were not found in heavy fractions. This
suggests that lignins are not applicable as biomarkers for plant
origin in these soils with small contents of strongly degraded
and modiﬁed lignins. The characteristic difference in the pro-
portions of alkyl C and O/N-alkyl C between C3 trees or shrubs
and C4 grasses was also detectable in heavy fractions. This is
shown by consistent changes of the (alkyl C)/(O/N-alkyl C)
ratio and the 13C/12C isotopic signature with soil depth, indicat-
ing that the ratio of (alkyl C)/(O/N-alkyl C) of heavy fractions
is associated with the C4 and C3 vegetation origin. Our study
demonstrates that knowledge of vegetation cover and changes
in the past is necessary to interpret SOM composition because
of the possible preservation of organic matter components from
earlier vegetation and land-use.
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Figure 6 Ratios of (alkyl-C)/(O/N-alkyl C) and
d13C values of heavy organo-mineral fractions, light
fractions, organic surface layers and plants in grass-
land (C4), Araucaria forest (C3) and shrubland (C3).
Circles represent the groupings of heavy fractions
(black) and vegetation sources (white) according to
the 13C/12C isotopic signature.
Figure 7 Lignin-derived phenols expressed as syringyl-to-vanillyl
ratios (S/V) and cinnamyl-to-vanillyl ratios (C/V) for plant samples
(white) and heavy organo-mineral fractions (black).
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